Introduction
A crucial recent event in the field of controlled nuclear fusion was the beginning of the construction of the 'International Thermonuclear Experimental Reactor'(ITER). One of the key issues to be addressed by this device is the demonstration of burning fusion plasma. To achieve its goals, the tokamakreactor has to operate close to the maximum design parameters, in particular the operational density is required to be close to the Greenwald density limit, ≥ n n 0.85 e G W [1] . However some physics issues in such regime remain open and require additional experimental efforts in present day machines to prepare for efficient ITER operation. ), where I p is the plasma current (MA) and a the minor radius (m)) has been proposed in [2] as an empirical density limit, based on the analysis of a database including several tokamaks. It was later shown that the density limit value can be exceeded by the application of additional heating [3] , by peaking of the current profile [4] and by modification of the density profile (see [5] and references therein). However the Greenwald density still remains a parameter that scales the critical densities for several processes in tokamak plasmas including the transition between confinement regimes [5] .
In most cases, an increase in density results in an increase in effective collisionality, which scales as n T / ). A transition from the linear to the saturated ohmic confinement regime is observed at high density ~n 0.4 GW . A further density increase leads to sawtooth stabilization and is accompanied by a decrease of the energy and particle confinement times. The development of the disruption at the density limit was preceded by sawtooth stabilization. It is shown that electron cyclotron heating leads to the prevention of sawtooth stabilization and then to the increase of the density limit value.
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0741-3335/15/025002+11$33.00 doi:10.1088/0741-3335/57/2/025002 Plasma Phys. Control. Fusion 57 (2015) 025002 (11pp) devices with dominant ion heating and mixed (ion + electron) heating demonstrated density peaking with collisionality decrease [6] . However there is some evidence of an opposite dependence for regimes with dominant electron heating, i.e. density flattening with collisionality decrease [7, 8] . This variable peaking trend together with the issue of the dependence of the confinement properties on the plasma density appear to be among the critical issues for a future reactor, since the density profile determines the fusion yield and the bootstrap current fraction.
The development of disruption prevention algorithms seem also to be an important task for present day machines. The density limit disruption is usually considered to be the result of a tearing instability with poloidal wave number = m 2 and toroidal wave number = n 1 due to the cooling of the plasma periphery, followed by the growth of a = m n / 2/1 island [1] . The model described in [9] (see also references therein) attributes the = = m n 2/ 1 island development to a decrease of the magnetic shear in the plasma core. In conventional regimes with q (0) 1 this results in = = m n 1/ 1 mode growth and penetration to the outer region of = q 3/2, 2, causing a decrease of the magnetic shear in the vicinity of the = q 2 surface, which destabilizes the = = m n 2/ 1 tearing mode. (In the case > q (0) 1 the disruption development may be initiated by modes with higher numbers.) Impurity accumulation is considered as a possible mechanism behind the 'loss' of magnetic shear. In [10] the origin of the density limit disruption is explained in terms of radiative island development: the modification of the plasma current profile by an imbalance of heating and radiation inside the rational surface leads to the seed island generation. This picture is consistent with that presented in [9] . Additional heating in the island region or in the inner part of the plasma (that increases the heat flux through the island region) is usually considered as an effective mechanism of disruption prevention.
The Tokamak à configuration variable (TCV) is well suited for experiments aimed at studying the energy and particle confinement behavior in regimes with high density or at the density limit and for investigations of the effect of localized heating on the density limiting processes. This is a device capable of highly variable plasma configurations, equipped with a wide set of diagnostics including MHD diagnostics, multichannel soft x-ray (SXR) diagnostics and a multichannel bolometer system for the measurement of radiation losses; additionally, it is equipped with a very flexible electron cyclotron (EC) heating system, consisting of 6 gyrotrons of frequency 82.7 GHz for the injection of power (0.5 MW per gyrotron) at the second harmonic (X2) of the EC resonance and 3 gyrotrons at 118 GHz, the third harmonic (X3). The beam launching geometry can be controlled for each X2 gyrotron and for the X3 set separately during a plasma discharge.
The material in this paper is structured as follows. The specific experimental conditions are described in section 2, the value of the limit density in ohmically heated plasmas and its dependence on the plasma current are discussed in section 3, and observations of the high density regime and of the effect of EC heating (ECH) are treated in section 4. The modeling of the current profile redistribution at high density and the effect of ECH on the current profile is presented in section 5. The confinement properties of TCV high density plasmas are presented in section 6. The discussion of the experimental results and conclusions are given in section 7.
Experimental conditions
These experiments were performed in plasmas with moderate elongation κ = − 1. kA. Most of the experiments were in ohmically heated plasmas, however discharges with ECH were also developed to investigate the plasma response at high density and the possibility of disruption prevention.
In these experiments the line-averaged density was obtained from a far-infrared (FIR) interferometer, the electron density and temperature profiles were measured by Thomson scattering, and the ion temperature profile was provided by a charge-exchange recombination spectroscopy (CXRS). Plasma MHD activity was analyzed using the data from 4 poloidal arrays of magnetic probes, toroidally separated by 90°, and 2 toroidal arrays (of 16 equally spaced probes), and from the analysis of soft x-ray emission recorded by a multichord duplex multiwire proportional soft x-ray (DMPX) detector. The sawtooth dynamics were also investigated using the DMPX diagnostic. The sawtooth inversion radius was evaluated by Abel inversion of the DMPX data. Total radiation losses and their radial distribution were measured by multichannel Absolute Extreme UltraViolet Bolometer cameras (AXUV) and foil bolometer systems. The line-averaged density measured along the central chord was controlled with a feedback loop.
The value of the limit density in ohmic discharges
The typical experimental scenario for ohmic discharges is presented in figure 1 . GW . The dependence of the limit density value on plasma current is shown in figure 2 . The data from two distinct sets of experiments separated in time (December 2011 and March 2013) are depicted in the same plot. A similar dependence but in terms of q 95 is presented in figure 3 . It is seen that the experiments are well reproducible for the trend and absolute values of the limit density. The value of the limit density increases with the plasma current but more slowly than predicted by the (linear) Greenwald formula.
A similar trend of the variation of n n / e lim GW with plasma current was obtained in the T-10 tokamak in discharges with additional EC heating [4] . It was shown that the replacement of the plasma minor radius by an effective radius of plasma current channel, a cur , in the Greenwald formula restores a ratio =ñ n / c onst 0.8
in the whole plasma current range. The value of a cur was defined in [4] as the minor radius of the region where 95% of the total plasma current is concentrated. The value of a cur was estimated using the ASTRA code [11] for three representative TCV shots from the set shown in figure 2 and taken at different I p values (table 1). The electron temperature and density profiles were provided by Thomson scattering, while Z eff was assumed to be about 2 (derived from the loop voltage assuming neoclassical resistivity). The plasma conductivity and the bootstrap current were calculated from the neoclassical formula proposed in [12] . with a decrease in plasma current, reducing the scattering in n n / e lim GW mod vs plasma current. Since the value of n GW mod is defined by a cur instead of the value of minor radius a, then it becomes higher than n GW and the modified ratio n n / e lim GW mod remains well below 1.
Properties of the high density regime

Ohmic discharges
The increase in plasma density in these TCV experiments was accompanied by an increase in sawtooth period, a modification of the sawtooth shape and a reduction in their regularity, followed by the disappearance of sawtooth oscillations altogether (figure 4). In the regime with = A sawtooth-free phase starts at ≈ n n ( ) 0.9 e SF lim and is followed by a giant crash at = n n e e lim . In most of the discharges MHD activity was not observed on either the MHD or SXR signals during the whole sawtooth free phase (~100-150 ms) until a short interval just before the crash (~1-5 ms). During this time interval an MHD perturbation becomes visible on different diagnostics. Figure 5 illustrates the evolution of signals from poloidally and toroidally separated MHD probes. The amplitudes of both modes grow until a crash occurs. This crash triggers again an = = m n 2/ 1 mode, developing similarly to that described in [13] , causing a significant decrease of the plasma stored energy. This mode is stabilized within ~1 ms. The rest of the discharge is a sequence of sawtooth-like crashes (figure 4) with a decrease in plasma density, causing increased gas-puffing through feedback control and, as a consequence, additional plasma cooling until the discharge is terminated (about 50 ms after = n n e e lim was reached). The value of the critical density at which the sawtooth-free phase starts, n ( ) SF e , depends on the value of the plasma current (figure 6). The value of the difference between n ( ) e SF and n e lim is reduced at higher plasma current showing the trend of a shortening of the sawtooth-free phase with the increase of plasma current (figures 6(b) and 7). The ratio n n ( ) / e SF GW remains ~constant in the whole investigated range of plasma current values ( figure 6(c) ).
In discharges with lower plasma current ( = I 145 p and 115 kA) several internal crashes are observed during the sawtooth-free phase (figure 7). These crashes do not lead to a disruption, however they disturb the plasma column significantly, leading to increased radiation losses, decreased plasma energy content and perturbation of the plasma current (figure 8). The MHD mode structure prior to the crash is similar to the mode before the major disruption: the process starts with a more pronounced odd poloidal-number mode before the even mode becomes visible.
The modification of the sawtooth behavior correlates with an increase in density peaking. We choose to describe the density peaking by two parameters: derived from the equilibrium reconstruction is = R 0.88 m at = t 1.3 s and moves outward very slightly (within ~ 3 mm) during the density ramp. Formula (1) describes the density peaking inside the = q 1 zone, whereas formula (2) describes the density peaking inside the a/2 region ( = a 0.24 m being the plasma minor radius). Figure 9 illustrates the modification of the density profile in the core region. Figure 10 demonstrates change in the radiative power distribution evaluated from multichannel bolometer measurements. The increase in line averaged density leads to an increase in density peaking in the center ( figure 9(b) ). In accordance with the data presented in Figure 6 . Dependence of the critical density value at the start of the sawtooth-free phase (a) and of the ratio of this critical density to the limit one (b) and to the Greenwald density (c) on plasma current. Open triangles-data from December 2011 campaign, closed symbolsdata from March 2013. figure 4(c), the sawtooth period also increases monotonically with density. At t t 1 , when the change in sawtooth shape becomes visible, a more global modification of the density profile occurs, as shown in figure 9 (c). The density increase and the peaking of the density profile lead to an increase in core radiation ( figure 10 ). The plasma current profile flattens due to the temperature profile flattening, causing the observed modification in sawtooth behavior and the increase in sawtooth period (figures 4(c) and (d)). In turn, the change in sawtooth behavior leads to an increase in both density and impurity peaking (figures 9(b) and (c) and figure 10(b) and (c) respectively), further amplifying the current redistribution and finally resulting in a sawtoothfree phase. The density peaking saturates at the beginning of the sawtooth-free phase. The density peaking in the central region correlates with the increase of the sawtooth period, with a feedback process due both to the influence of the density peaking on the current profile redistribution and to the possible decrease of the density profile mixing (flattening) due to the increase in sawtooth period. Additionally, the effect of density peaking in the core during a density ramp can also be enhanced by a change in anomalous transport. For example, drift wave stability will change due to the change of the gradient lengths
T e e 1 and the increase in plasma collisionality. Therefore the balance between inward and outward particle fluxes governed by drift turbulence will change [8] ; the relative role of the neoclassical particle flux may also increase and enhance the density peaking. Measurements of turbulence spectra and comparisons to numerical code predictions would be required to put these speculations on quantitative grounds.
We note that while MARFE formation is a possibility at high density, appearance of MARFE was not clearly confirmed in these experiments.
Effect of additional ECH
EC heating has been used to investigate the possibility of density limit disruption prevention. A combination of X2 and X3 heating was used for this purpose. The cut-off density (local value) for the TCV X2 system is = × − n 4 10 m e cut-off 1 9 3 , and for the X3 system figure 11 . Traces of injected ECH power are also given in figure 11(c) .
The heating power profiles and absorbed power fractions have been evaluated using the TORAY-GA ray-tracing code [14] . The absorbed power fraction for X2 appeared to be close to 100%. For X3 the absorbed power fraction is found to be highest (~70%) in the presence of X2 heating due to the higher T e (and could be even higher if a synergy effect were to occur [15] ) and to decrease with density increase (figure 12), down to 3.5% at . According to TORAY-GA calculations, this is accompanied by a displacement of the X3 heating region from localized on-axis to slightly off-axis, remaining however always inside the = q 1 surface ( figure 13) .
The main effect of the X3 heating is obviously seen in the sawtooth dynamics ( figure 14) . The sawtooth-free phase is delayed, leading to an increase in the maximal achievable density. Table 2 contains a summary of the sawtooth behavior in high density discharges with and without sawteeth. It is seen that the application of X3 power inside the = q 1 region leads to a significant delay in the sawtooth-free phase development. The plasma density corresponding to the start of the sawtooth-free phase increases up to 15%. The subsequent disappearance of sawteeth and the eventual density limit disruption may be a result of the reduction in X3 absorption due to the further density increase. 
Modeling of the current profile evolution
To analyze the effect of sawtooth disappearance and the role of EC heating, the current density profile dynamics were modeled using the ASTRA transport code [11] . The input quantities (temperature and density profiles, Z eff ) were derived as described in section 3. Kadomtsev's sawtooth model [16] was used for the profile modification due to sawtooth crashes. The two shots presented in figure 14 , 45180 (pure ohmic heating) and 45184 (ohmic heating + ECRH), were modeled. Several sets of calculations were performed: (1) dynamic calculation following the experimental evolution of plasma parameters in the interval 1.4-1.65 s (for shot 45180) and (2) static modeling of discrete time instants using the experimental density and electron temperature distribution. The resulting q r ( ) profiles are shown in figure 15 . Four time instants are presented for the shot 45180 -during the sawtoothing phase, at the beginning of the sawtooth free period and close to the disruption. The error bars on the q r ( ) profiles depict the difference between the dynamic and static calculations. The radial distribution of q r ( ) for shot 45184 is given at the time at which the measured value of the line averaged plasma density is close to n ( ) e SF for shot 45180. These simulations show that the density modification and the associated flattening of the temperature profile lead to a pronounced modification of the plasma current distribution. Based on the modeling results the q profiles in the sawtooth-free phase changes between the dashed blue and solid gray profiles in figure 15 , i.e. with a small = q 1 radius and/or low shear near = q 1 or no = q 1 surface at all (as in the solid gray profile), consistent with sawtooth stabilization. These findings are consistent with the changes of T e profiles discussed in [17] , where first a change in T e up to the mixing radius is observed, with a flattening of T e and peaking of n e , and then a significant drop occurs in the whole T e profile near the disruption density, due to changes near the edge. A more refined analysis of q r ( ) profile would require taking into account modifications in the Z eff profile and applying a more complete sawtooth triggering model (for example, [18] ).
Application of ECRH power inside the = q 1 surface (see figure 13 ) clearly prevents n e (r) peaking (the well-known density pump-out effect) and T e (r) flattening ( figure 16 ) and is expected to lead to restoration of a q r ( ) profile with values well below 1 on axis. This is confirmed by ASTRA calculations made for the shot 45184, as depicted by the dasheddotted line in figure 15 . This agrees well with the experimental observation that X3 heating maintains regular sawtooth oscillations at higher density.
Confinement properties of high density ohmic plasmas
The high-density discharges discussed in this paper were analyzed also with respect to their confinement properties. The following questions were addressed in particular: (a) do the confinement properties change with the density rise, and if so does the change occur at a particular threshold density? (b) does confinement degrade in the immediate vicinity of the density limit? (c) are there any differences between the behavior of particle and energy confinement?
The dependence of the global energy confinement time on line averaged density is presented in figure 17 for both moderate (a) and low (b) plasma current cases. The energy confinement time is derived from the plasma stored energy and the ohmic heating power:
There are three typical confinement ranges in the case of higher plasma current: GW where the sawtoothfree phase starts; (c) monotonic decrease of the confinement time after the start of the sawtooth-free phase.
In the case of low plasma current the initial steady-state density before the beginning of the ramp was higher than n 0.4 GW and no LOC phase is observed. A pronounced confinement time degradation is observed again after sawtooth stabilization.
Together with the tendencies in modification of energy confinement with the density growth, global changes in the density profile are also important giving some additional experimental background to test different theoretical approaches to explain the origin of anomalous transport in tokamaks. The temporal evolution of the density peaking is shown in figure 9 for a representative shot with moderate q 95 ( = q 3. averaged plasma density is presented in figure 18 for a broad data set with = q 3. In the experiments discussed here a density increase is equivalent to a collisionality increase. The density peaking factor F a ( /2) was evaluated from the FIR measurements in accordance with (2) . For both data sets the density peaking factor does not decrease with the density increase. GW , i.e. the start of the sawtooth-free phase. The density peaking abruptly increases at densities close to the transition to the SF phase.
In the case of lower plasma current (figure 18(c) the picture appears to be different since the investigated density range lies within the SOC regime. The variation of the density peaking at low density is less pronounced. However some tendencies can be noted. The density peaking starts to increase in the density range flattening of the density profile becomes pronounced, that is proposed to be a result of developed MHD activity leading to the internal crashes discussed in section 4.1.
Conclusions and discussion
The density limit process was investigated in TCV plasmas in ohmic and EC-heated discharges for different plasma current levels. A density limit close to the Greenwald limit was reached at a high q 95 value of 7, whereas at q 3.7 95 the limit is lower ( n 0.6 GW ). The density limit appears to be caused by plasma current redistribution in the vicinity of the = q 1 surface, with a temporary stabilization of sawteeth preceding the disruption. The density limit process in these TCV experiments developed as a giant sawtooth-like event terminating a long (~100 ms) sawtooth-free period. Accordingly, sawtooth destabilization by EC heating was shown to increase the density limit in this scenario. At low plasma current ( ≤ I 150
in experiments discussed here) the density increase leads to a sawtooth-free phase accompanied by several minor disruptions.
The sequence of the events leading to the disruption can be described as follows:
(a) the density increase leads to a decrease in plasma temperature and core density peaking, resulting in turn in temperature profile flattening; (b) the temperature profile flattening causes a flattening of the plasma current profile and a decrease of the magnetic shear near the = q 1 surface, which changes the sawtooth behavior (increase of period, irregularity) until full sawtooth suppression occurs; (c) the increase in sawtooth period and the eventual sawtooth disappearance leads to a further density increase in the core, to impurity accumulation and to an increase in core radiation losses; this causes further flattening of the plasma current profile with a decrease in magnetic shear near the = q 2 surface followed by destabilization of a = = m n 2/ 1 mode; (d) the growth of the = = m n 2/ 1 MHD island leads to the disruption. Central EC heating prevents temperature profile flattening and therefore current profile flattening, permitting an increase in the limit density value. This picture agrees well with the disruption model developed in [9] . In accordance with [9] prevention of the magnetic shear decrease by additional core heating and/or sawtooth destabilization should prevent the disruption. Note that this is also consistent with disruptions related to impurity accumulation in the center, which flatten the central temperature and which can be prevented by central heating.
The dependence of the confinement properties on the density increase has been investigated in ohmic plasmas. A transition from a LOC to a SOC regime has been observed at ). The sawtooth stabilization with further density increase and the transition to the sawtooth-free phase were found to be accompanied by a decrease in the energy confinement time. This is consistent with recent results on the role of the modifications of the edge transport properties with increasing density at high density [17] .
The density profile shape also changes with the density increase. The core density peaking factor does not decrease with the increase of the line-averaged density: on the contrary, it increases in the low density range (up to densities close to the LOC-SOC transition), abruptly increases at the beginning of sawtooth free phase and remains practically constant between of these two density ranges. This result is similar to that discussed in [7, 8] .
Confinement modification and core density peaking with the density increase can be qualitatively explained based on the effect of drift turbulence on anomalous transport. In the experimental regimes discussed in this paper the TEM mode can be expected to dominate turbulence at low density. Density (=collisionality) increase leads to TEM suppression due to detrapping and to the transition to the ITG dominated regime. A quantitative estimation of the collisionality effect and theoretically based analysis of the balance between diffusive and non-diffusive particle flux in these experiments is outside the scope of this paper and will be the subject of future investigations.
